The genome of a 650 year old Yersinia pestis bacteria, responsible for the medieval Black Death, was recently sequenced and assembled into 2,105 contigs from the main chromosome. According to the point mutation record, the medieval bacteria could be an ancestor of most Yersinia pestis extant species, which opens the way to reconstructing the organization of these contigs using a comparative approach. We show that recent computational paleogenomics methods, aiming at reconstructing the organization of ancestral genomes from the comparison of extant genomes, can be used to correct, order and complete the contig set of the Black Death agent genome, providing a full chromosome sequence, at the nucleotide scale, of this ancient bacteria. This sequence suggests that a burst of mobile elements insertions predated the Black Death, leading to an exceptional genome plasticity and increase in rearrangement rate.
Introduction
The plague has long been among the most feared human diseases [10] , due to dramatic pandemics such as the Black Death which ravaged Europe in the late middle-ages. Recently Bos et al. [8] were able to sequence the whole genome of the Black Death agent, and concluded that it was an ancestor of most extant strains of the human pathogen Yersinia pestis (see also [44] ). The sequence extracted from the oral metagenome of one individual was assembled using Velvet [48] , into approximately 130,000 contigs, including 2,105 contigs of length ≥ 500bp from the main chromosome, with similarities with some Yersinia extant genomes 1 . This first sequencing of the chromosome of an extinct prokaryote helped to understand the causes of the Black Death pandemic [8, 37, 47] . However, the assembled 2,105 contigs cover only 85% of the expected length of the ancestral chromosome and their organization along this ancestral chromosome is unknown, keeping out of reach a detailed genome-scale study of the evolution of the structural organization of Yersinia genomes, whose impact on pathogenicity is still an important open question [11] .
Current assembly methodologies can hardly be applied to fully assemble and finish an ancient genome, aside of short molecules such as plasmids [44] and organelle genomes [36] . Indeed, existing scaffolding methods, aimed at ordering and orienting the contigs, and estimating the lengths of inter-contig gaps, rely on additional data such as mate-pair reads with mixed insert sizes [2, 40, 22, 41, 49] , optical or physical maps [27] or comparison with one or several closely related genomes [42, 24] . However, due to the decay and fragmentation of ancient DNA, reads from ancient genomes are in general short, and optical maps or mate-pair libraries with long inserts can not be obtained. This leaves the comparative approach as the only possibility to scaffold large ancient genomes. The usual setting of the comparative approach involves the comparison of the contigs with one, or a few, closely related genomes, either genome sequence or maps [7, 5, 34, 24] or protein sequences [42] . However, to the best of our knowledge, none of these methods is intended to be applied on the genome of an internal node of a given phylogeny.
We describe a comparative approach to scaffold an ancient genome, and apply it to the medieval plague agent. The ancestral Black Death agent is indeed related to a dozen of descendants (from the Yersinia pestis clade) and close outgroups (from the Yersinia pestis and Yersinia pseudotuberculosis clades), whose phylogeny, taken from Bos et al. [8] , is shown on Fig. 1 . There has been a recent flurry of ancestral genome organization reconstruction methods, complementing classical methods for reconstructing ancestral genome sequence [6, 26, 19] and gene content [15, 16, 45] . They have been used for reconstructing ancestral genomes of bacterias [46, 21] , animals [9, 29, 39, 33, 38, 14, 1, 31, 35] , plants [43, 32] , yeasts [23, 13, 4] or protists [28] . Recent developments provide exact and fast algorithms that handle sequence duplications, repeats, diverse types of genome rearrangements and chromosome structures [3, 25, 30] .
Black Death agent
We show here that this corpus of methods is efficient and versatile enough to be integrated into a comparative scaffolding framework for ancient bacterial genomes, and we illustrate this claim with a complete assembly of the medieval Black Death agent chromosome. Starting from the contigs assembled by Bos et al. [8] which have similarities with extant Yersinia genomes, we compute a single circular scaffold containing the ordered and oriented sequences from the whole set of contigs, completed by estimations of the sequences located between consecutive contigs (gaps). Additionally, we correct some contigs initially assembled by Bos et al. by identifying probable chimeric, redundant or duplicated contigs. The chromosome structure we observe is distant from every extant genome, explaining the difficulty of the assembly process with a single reference genome. We annotate and analyse the ancestral chromosome, pointing at a probable replication origin, predicting the positions of insertion sequences (IS) and detecting the numerous inversions that separate it from extant genomes. We provide evidence that the speciation between the Yersinia pestis and Yersinia pseudotuberculosis clades was characterized by a burst of insertion of IS elements in the Yersinia pestis genomes, concomitant with an increase rate of genome rearrangements, which breakpoints positions are also correlated with IS.
Results
The main result of our work is a completely assembled chromosome sequence of the Black Death agent genome. To obtain it, we followed a generic procedure for reconstructing an ancestral genome organization [29, 14, 31, 4, 25] , which comprises four phases: (1) extracting homologous families of ancestral and extant genome markers, (2) computing putative linkage between ancestral markers, (3) combining the set of ancestral linkages into a circular sequence of ancestral markers, (4) infering inter-marker gap sequences. We provide only a sketch of the implementation in this extended abstract, and full details will be published elsewhere.
Families of homologous segments. We aligned the ancestral contigs against 11 fully assembled genomes of Yersinia strains. Several contigs were not aligned over their full length on every genome because of rearrangements. So we cut the contigs into pieces, such that every piece is aligned over its full length on every genome and no pair of genomic segment defined by two different alignments overlap (they are either disjoint or confounded). This clusters ancestral and extant genome segments into 2,619 homologous families. Each family contains one or several ancestral contig segments, and zero, one or several genome segments from each extant species.
All sequences from a single family are assumed to be homologous, that is, they share a common ancestor and having evolved through speciations, duplications, losses or transfers. We do not have phylogenetic trees for the families that would allow us to detect those events and derive a marker content [45] . Yet some ancestral markers correspond to repeated sequences that were present at several loci of the ancestral genome, while some of them contain ancestral segments from several different contigs. We used phyletic profiles [15, 16] to determine the number of occurrences of every ancestral marker, namely the ancestral marker content of this ancestral genome. We computed this ancestral content for each family by using a parsimony approach that minimizes the number of gains and losses of markers along the species tree for each family. This allows to associate to each family a multiplicity, i.e. its expected number of occurrences in the ancestral chromosome; 20 families out of 2,619 have a multiplicity greater than 1.
The amount of DNA encoded by the markers, when multiplicity is accounted for, is 3,846,866bp of ancestral DNA, while the initial contigs encode 4,013,159bp. This initial loss of sequenced ancient DNA will be compensated by filling the gaps between the different pieces of the segmented contigs.
Computing putative linkages between ancestral markers. We computed sets of ancestral markers that are believed to be consecutive in the ancestral chromosome. We call them intervals of ancestral markers, if they contain more than two markers and adjacencies if they concern only two markers. We followed a Dollo parsimony principle [14] to infer putative ancestral linkages: a group of ancestral markers is deemed to be contiguous in the ancestral genome if markers from the same families are contiguous in at least two extant genomes whose evolutionary path on the species phylogeny contains the ancestor of interest (here the Black Death agent). All 2,637 putative adjacencies obtained in this way are then weighted according to their phylogenetic conservation, using a recursive formula inspired from the Fitch-Hartigan principle [29, 14, 4] .
Combining the set of ancestral linkages into a circular sequence of ancestral markers. The set of putative ancestral adjacencies is not compatible with a circular chromosomal structure, due to possible converging genome rearrangements, for example. Indeed some markers may be involved in too many adjacencies. However, discarding 6 adjacencies out of the 2,637 putative ancestral adjacencies was enough to obtain a set of maximal cumulative weight that can be ordered circularly. They were found implementing a fast and exact "circularization" method based on matching techniques in graphs [30] .
Adjacencies alone are compatible with many circular orders due to repeated ancestral markers forming tangles in the adjacency graph [24, 2] . To address this issue, intervals of size greater than two were used as illustrated in Fig. 2 to clear the ambiguities, resulting in an ordering of the markers into three large scaffolds. Here is a toy example where we have markers 1, . . . , 7, drawn with bold red segments, and adjacencies between their extremities, drawn with thin black lines. Assume every marker has multiplicity 1 except marker 2, which has multiplicity 2. Then every marker extremity has as many adjacencies as its multiplicity predicts. But there are several possible circular orderings or these markers according to these adjacencies: 1,2,3,4,5,2,6,7, or 1,2,5,4,3,2,6,7. Suppose we have in addition size three intervals, and among them we find {1, 2, 3} or {2, 5, 6}. Then only the first ordering is compatible. In our data set, intervals up to size 6 were sufficient to completely clarify the adjacency signal.
We then joined the extremities of these three scaffolds to form a circular chromosome by choosing, among the six possible configurations, the only one supported by some extant genomes. This resulted into a complete circular ordering of ancestral markers, where each ancestral marker appears exactly as many times as it is expected from its multiplicity.
Correcting the initial contigs. In the resulting ordering, each occurrence of an ancestral marker corresponds to one or several segments of the initial contigs. The ordering of these segments is mostly compatible with the initial contigs. We found only one chimeric contig (see Fig. 3 ), split into two non-adjacent markers in the ancestral genome organization. None of the extant occurrences from the two families are adjacent in extant genomes, pointing to either an assembly error during the initial contig construction, or a derived rearrangement in the ancient genome, which would be interesting since Bos et al [8] did not find such a mutation looking at nucleotide substitutions. Note that the length filtering applied onto families after the contig segmentation step can lead to an underestimation of the number of chimeric contigs: if part of a contig has length less than the threshold, it is discarded and the contig is not detected as chimeric. Also four contigs segments were found to be duplicated: a large part (> 500bp) of each is probably present in more than one occurrence in the ancestral genome, while the initial assembly predicted only one occurrence. Finally, 63 contigs have a sequence which is found, up to very small variations, inside another contig while their number of extant occurrences suggest they have multiplicity one, so we believe they are redundant. Estimating ancestral gaps sequences. We completed this assembly by estimating the sequences located in ancestral gaps, i.e. between pairs of ancestral markers consecutive in the circular ordering. For this we first estimated a length interval for each ancestral gap: a length is said to be supported for an ancestral gap if there are two gaps in extant genomes, in two species whose evolutionary path contains the ancestor of interest, with such a length. The length interval of a gap is defined by the minimum and maximum supported length for this gap. For 24 gaps we found no supported length, so we took the minimum and maximum gap length of extant sequences in the species where the markers are consecutive. Then for each ancestral gap, we aligned all extant gaps which lengths fall in the ancestral gap length interval. We then constructed an ancestral sequence from each alignment by an ancestral discrete character reconstruction method implementing the Fitch algorithm [20] .
This resulted in an ancestral genome sequence of length 4,586,856 showing that 739,990bp were added to the ancestral markers sequences by this finishing step. Only 1 gap was not assigned a sequence by this method.
Analysis of the reconstructed ancestor. We took advantage of reconstructing the full chromosome of the Black Death agent to analyze its structure and evolution at the whole-genome scale.
We traced the GC-skew with SeqinR [12] from a CDS annotation by Glimmer (Fig. 4(b) ) predict the position of the replication origin. We sliped the medieval sequence such that the putative replication origin (the maximum value in the cumulative GC-skew plot) has position 0 and we aligned the ancient chromosome with the chromosome of the CO92 strain. We obtained the dotplot represented in Fig. 4 (a) that shows the highly repeated nature of both genomes, and the rearrangements that have happened along the lineage from the ancestor to the CO92 strain. We mapped IS elements onto the reconstructed ancestral chromosome, based on a conservative analysis of their patterns of presence in extant markers and gaps: an ancestral gap is assigned an IS if one of its occurrences in the descendants genomes is of length exactly the minimum length of the ancestral gap and contains an annotated IS; we focused on gaps as no extant marker does contain an annotated IS. This resulted in 94 ancestral gaps containing IS. We confirmed this comparative annotation with an automatic annotation. Our analysis also shows that a large part of these IS (at least 57) were already present in the last common ancestor of all Yersinia pestis strains, while they are almost completely absent from the genomes of the considered Yersinia pseudotuberculosis.
We also analysed the genome rearrangements between the ancestral sequence and extant genomes by sampling inversion scenarios between the ancestral genome and the extant genomes (see Fig. 5 ). There are [8] [9] inversions between the Yersinia pseudotuberculosis strains and the medieval genome, and 9-22 inversions when compared to (thought evolutionarily closer) Yersinia pestis strains. As noticed by Darling et al [17] , we can also observe that inversion breakpoints are not randomly distributed and used: highly used ones are concentrated in one third of the chromosome, around its replication origin. Most inversions are symmetrical around the origin. The positions of the inversion breakpoints are also highly correlated with IS, as remarked earlier [18] : 76 out of the 118 mapped breakpoints are close (< 1000bp distant) to some predicted IS, while this number drops to 39 for uniformly sampled random coordinates (p-value < 10 −3 ). Rearrangements are very numerous in all pestis branches, strongly suggesting that they could be driven by the IS. 
Discussion/Conclusion
The present work illustrates the potential of phylogenetic/comparative assembly methods to address the specific issues of ancient DNA assembly (single reads, fragmentation, . . . ). Our main result is a complete assembly of the chromosopme of a 650 years old bacteria, that opens the way to whole genome analysis of rearrangements and insertion dynamics among others.
The method we developped for this assembly relies on recent advances, both methodological and algorithmic, in reconstructing the organization of ancient genomes from the comparison of related extant genomes. We show here that such methods are generic enough to be also used with data acquired by sequencing of ancient DNA.
A crucial issue of such a method is its validation. In this extended abstract we do not develop this point but we are currently extensively testing our method on simulated data generated from Yersinia genomes.
We believe the methodological advances we present in this work complement the recent breakthrough in ancient DNA sequencing, at least for bacterial genomes, and suggest that integrating ancient genomes into comparative genomics is an ambitious but realistic goal for the next few years.
